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Using fast-scanning atomic force microscopy, we directly visualized the interaction of Escherichia
coli RNA polymerase (RNAP) with DNA at the scan rate of 1–2 frames per second. The analyses
showed that the RNAP can locate the promoter region not only by sliding but also by hopping
and/or segmental transfer. Upon the addition of 0.05 mM NTPs to the stalled complex, the RNAP
molecule pulled the template DNA uni-directionally at the rates of 15 nucleotides/s on average.
The present method is potentially applicable to examine a variety of protein–nucleic acid interac-
tions, especially those involved in the process of gene regulation.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
DNA–protein interaction is critical for the regulation and pro-
motion of various genomic events and architectures. There are a
number of proteins which recognize speciﬁc DNA sequences and
structures. The interaction between DNA and these DNA-targeting
proteins has been thought to begin with a random binding of the
protein to the DNA followed by a translocation of the bound pro-
tein along the DNA strand until it encounters the target site [1]. Ki-
netic studies demonstrated that by using this two-step process,
proteins are able to ‘ﬁnd’ their recognition site 100–1000 times fas-
ter than what would be expected for random diffusion [2]. Four
possible mathematical models for the site-searching mechanism
have been proposed [3,4]: random collision (macroscopic dissocia-
tion–reassociation), hopping (microscopic dissociation–reassocia-
tion), intersegmental transfer (direct intersegmental transfer
between different sites), and sliding (one-dimensional diffusion
along DNA). These different types of events have been speculated
to happen simultaneously or sequentially in the initiation process
of site-speciﬁc DNA reactions [5], and has recently been detected in
DNA–restriction enzyme interactions [6,7].chemical Societies. Published by E
o, Sakyo-ku, Kyoto 606-8501,
(Y. Suzuki).Transcription initiation requires the binding of RNA polymerase
(RNAP) to the promoter region of a gene. After RNAP ﬁnds the pro-
moter, the RNAP–DNA complex undergoes a line of conformational
changes that result in local unwinding of the DNA double helix to
expose the template strand [8–10]. Synthesis of nascent RNA
strand is initiated in the presence of NTPs, after which the complex
shifts to the elongation phase. In this stage, polymerase moves
along the template DNA in a highly processive manner at speeds
>10 nucleotides/s (at 25 C, 1 mM NTPs) [11]. Analyses of the
movements of single ﬂuorescently-labeled RNAP on the extended
DNAmolecule have suggested that RNAP is capable of sliding along
the DNA to locate the promoter region [12,13]. Time-lapse imaging
of atomic force microscopy (AFM) visualized this sliding motion of
RNAP molecule at sub-minute scale resolution [14]. This technique
has also been applied to monitor the elongation process and dem-
onstrated that RNAP ﬁxed on mica pulls the template DNA strand
at the rate of 0.5–2 nucleotides/s in the presence of 5 lM NTPs
[14,15]. However, because of its slow scan rate (<2 frames per
min), detailed site-search processes (sliding, hopping segment
transfer etc.) could not be analyzed by conventional AFM
technique.
In the studies communicated here, the promoter-search and
elongation processes of Escherichia coli (E. coli) RNAPs were visual-
ized at sub-second time resolution by fast-scanning AFM. The in-
creased spatial and temporal resolution allowed the detection of
detailed molecular events in transcription, such as hopping, seg-
mental transfer, and RNA synthesis.lsevier B.V. All rights reserved.
3188 Y. Suzuki et al. / FEBS Letters 586 (2012) 3187–31922. Materials and methods
2.1. DNA and protein
A 2961 bp linear DNA was prepared by treating pBluescriptII KS
() plasmid with AﬂIII restriction enzyme. LEE5p (304 to +171)
DNA fragments inserted between EcoRI and PstI sites immediately
upstream of the 54-bp Rho-independent transcription terminator
of the rpoC gene of E. coli in pSA508 were employed [16]. The
990 bp DNA fragment containing lee5 promoter was ampliﬁed by
PCR using forward 50-CTAGACCTTCCCGTTTCGCT-30 and reverse
50-TGCGCTAATGCTCTGTTACAGG-30 primers from pSA508 (Shin
et al. unpublished data). After the reaction, the ampliﬁed DNA
was puriﬁed using PCR puriﬁcation kit (QIAGEN). Holoenzyme of
E. coli RNA polymerase was obtained from Epicentre.
2.2. Conventional AFM imaging
The reaction mixture was assembled in a tube and deposited
onto a mica surface. The reaction contained 0.05 units (One unit
of E. coli RNA Polymerase catalyzes the incorporation of 1 nmol
of a ribonucleoside triphosphate into RNA in 10 min at 37 C under
standard assay conditions.) of E. coli RNAP holoenzyme, 2 ng/ll
DNA fragment (2961 bp), 10 mM Tris–HCl (pH 7.5), 100 mM KCl,
5 mM MgCl2, 1 mM DTT in a total volume of 10 ll. After incubated
at 37 C for 20 min, the reaction mixture was diluted ten folds with
buffer [5 mM HEPES–NaOH (pH 7.5), 10 mM NaCl, 2 mM MgCl2].
The sample was dropped onto a freshly cleaved mica surface. After
10 min incubation at room temperature, the mica was rinsed with
water and dried under nitrogen gas.Fig. 1. AFM analysis of DNA–RNAP complexes. (A) An example of AFM image of RNAP
protein binding position from the nearest DNA end. (C) Contour length distributions of fre
Gaussian functions. The mean ± SD are also indicated.AFM imaging was performed in air using Multi-Mode AFM with
Tapping ModeTM (Bruker, Santa Barbara, CA). The cantilever
(OMCL-AC160TS-W2, Olympus Corporation, Tokyo, Japan) used
was 129 lm in length with a spring constant of 33–62 N/m. The
scanning frequency was 1–3 Hz, and images were captured using
the height mode in a 512  512 pixel format. The obtained images
were plane-ﬁtted and ﬂattened by the computer program supplied
in the imaging module before analysis.
2.3. Fast-AFM observation
For imaging of the promoter-search process, 0.05 units of E. coli
RNAP holoenzyme was mixed with 2 ng/ll DNA fragment in a buf-
fer containing 10 mM Tris–HCl (pH 7.5), 100 mM KCl, 5 mM MgCl2
and 1 mM DTT, and immediately deposited onto a freshly cleaved
mica disc. After 1 min incubation, the mica was rinsed with 10 ll of
the buffer twice.
For imaging of the elongation process, 0.004 units of E. coli
RNAP holoenzyme was pre-incubated with 2 ng/ll DNA fragment
at 37 C for 20 min in a buffer containing 10 mM Tris–HCl (pH
7.5), 100 mM KCl, 5 mM MgCl2 and 1 mM DTT. After the incuba-
tion, the sample was diluted ﬁve folds with the same buffer, and
3 ll of the sample was immediately deposited onto a freshly
cleaved mica disc. After 1 min incubation, the sample was rinsed
with 10 ll of the buffer and imaged in buffer containing 10 mM
Tris–HCl (pH 7.5), 100 mM KCl, 5 mM MgCl2, 1 mM DTT and
0.05 mM NTPs for each.
Imaging was performed using a prototype fast-scanning AFM
[7,17–20]. The sample was imaged at ambient temperature with
small cantilevers having dimensions of 10  2  0.1 (L W  H)binding to linear plasmid DNA (2961 bp). Scale bar, 200 nm. (B) Histogram of the
e DNA molecules (left) and RNAP–DNA complexes (right). The curves indicate ﬁtted
Fig. 2. Analysis of promoter-search processes of E. coli RNAP. (A–B) Time-lapse images of RNAP–DNA interaction obtained at 1 frame per second the elapsed time is shown in
each image). Scale bar, 100 nm. (A) The position of RNAP on the DNA was plotted in the series of images. (B) Hopping of RNAP on DNA between 28 and 32 s. (C) Dissociation
and random walk of RNAP, followed by reassociation to the same DNA. (D) Trajectory of RNAP molecule in 89 sequential images were overlaid on the image at 88 s.
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spring constant of 0.1–0.2 N/m with a resonance frequency of
400–1000 kHz in water. The 192  144 pixel images were obtained
at a scan rate of 1–3 fps. Image sequences were analyzed by Image
J (http://rsb.info.nih.gov/ij/). The videos and images were rendered
to show only the molecules of interest (Fig. S1).
3. Results and discussion
3.1. RNA polymerase preferentially binds to promoter region
AFM images in air of the RNA polymerase–DNA complex
assembled in the absence of NTPs depict a typical structural
feature of this type of specimen. The RNAP–DNA complex was
prepared by incubating a linear DNA fragment derived from
pBluescript II KS () plasmid with the holoenzyme. Note that
the prepared sample was not treated with any cross-linkers such
as glutaraldehyde. The number of RNAP on a DNA strand varied
between 1 (58.3%) and 3 (11.1%) in our experimental condition
(Fig. 1A). The analysis of binding position shows that RNAP
preferably bound around the promoter region of bla gene
(ampicillin resistance gene) (Fig. 1B).A comparison of the DNA contour length between free DNA
molecules and the RNAP–DNA complexes showed 45 nm reduc-
tion of the apparent contour of the DNA in the RNAP–DNA complex
(Fig. 1C). This result is in line with the previous study which re-
ported a shortening of the DNA contour length induced by the for-
mation of open promoter complex [21,22].
3.2. How does RNA polymerase search for promoter region?
The promoter-search process was visualized in the absence of
NTPs using fast-scanning AFM. RNAP holoenzyme and a linear
2961 bp DNA were mixed in a tube, immediately dropped onto the
mica surface on the AFM stage, and imaged at 1 frame/s. One repre-
sentative case is shown in Fig. 2A–C (see alsoMovie S1 of the Supple-
mentary data). First, an RNAP was found at the position 358 nm
(1052 bp) far from one end of the DNA strand (0 s). The position of
RNAP ﬂuctuated within 44.5 nm (0–28 s) (Fig. 2A). At 29 s, RNAP
transiently dissociated from the DNA but re-bound to the DNA in
the next frame (30 s) (Fig. 2B). This type of ‘‘hopping’’ of RNAP was
also seen from 61 to 72 s (see Movie S1). At 34 s, RNAP was dissoci-
ated again from the DNA (see Movie S1). The dissociated protein
showed random walk on the mica substrate from 35 to 49 s
Fig. 3. Analysis of promoter-search processes of E. coli RNAP. (A) The location of lee5 promoter in the 990 bp DNA. (B, C) The experiment same as Fig. 2 was performed. The
images were trimmed from the original scan size of 800  600 nm. Scale bar, 100 nm. (B) Binding of RNAP to the DNA. (C) Intersegmental transfer of RNAP between adjacent
two DNA molecules, followed by a sliding.
3190 Y. Suzuki et al. / FEBS Letters 586 (2012) 3187–3192(Fig. 2C and D). At 49 s, the protein re-bound to the same DNAmol-
ecule at a different site (490 nm from the end). In the last frame
(88 s), the position of 462 nm (1350 bp) for the protein from the
end appears to correspond to the promoter region of bla gene.
In addition to hopping, intersegmental transfer was also moni-
tored. (Fig. 3. For the complete movie, see Movie S2). The 990 bp
linear DNA carrying the lee5 promoter was used (Fig. 3A). Imaging
showed two DNA molecules. The protein initially bound to the left
DNA (from 0 to 2 s in Fig. 3B), and then quickly re-formed the com-
plex with an adjacent DNA molecule (Fig. 3C). The complex at 15 s
has the sorter arm of 57 nm, indicating unspeciﬁc binding. After
the transfer (16 s), RNAP was sliding along the DNA for 7 s (17 to
24 s). From 24 to 28 s, the length of the shorter arm stayed at close
to the value of 103 nm correspond to speciﬁc binding to the poly-
merase binding site.
Previous study using computer simulation demonstrated that
the most efﬁcient site-search mechanism is a mixture of sliding
(20% of the time), hopping and jumping (80% of the time) [23]. The
results obtained here provide a direct evidence that the promoter-
search by RNAP involves not only sliding but also hopping and/or
intersegmental transfer. These events may have been missed in
the previous AFM studies because of their lower time resolution
and in the single-molecule ﬂuorescence observation because it used
a single DNA strand stretched between the trapped beads.3.3. Unidirectional pulling of DNA templates by RNA polymerase
Elongation process was visualized in the presence of 50 lM of
each NTPs using fast-scanning AFM at the scan rate of 2 frames/s.
In the presence of NTP, RNAP usually stayed at the same position
on the mica, whereas the DNA strand was mobile and showed
swinging motions. Under this condition, RNAP was seen to pull
the template DNA in a processive and unidirectional manner to-
ward the shorter arm. When RNAP reached the end of the DNA
molecule, the protein released the DNA. The RNA transcripts was
not clearly identiﬁable, however the branched structure emerging
from the polymerase was visible in a few frames (insets of images
at 2 and 4 s in Fig. 4A, and see Movie S3). Presumably, the nascent
RNA chain on the transcribing RNAP is not ﬁrmly attached to the
mica surface, and, therefore, could be transiently observed. Indeed,
when the transcribing complex was imaged after drying, the RNA
transcripts were clearly seen (Fig. 4B).
Fig. 4C shows the changes of the length of the shorter DNA arm
over time. Fitting of trace to straight line gave transcription rate of
15 nucleotides/s (5.2 nm/s). This value is comparable or even
faster than the value obtained by biochemical and biophysical
experiments (>10 nucleotides/s) [11], suggesting that the effect
of sample-mica surface interaction on the dynamics of RNAP is
negligible.
Fig. 4. Analysis of elongation process of E. coli RNAP. (A) Time-lapse images of a RNAP–DNA complex obtained at 2 frames per second. Images every 2 s are selected and sorted
(the elapsed time is shown in each image). Branched structures emerging from the polymerases were indicated by allows in inset. Scale bar, 100 nm. (B) AFM images of a
transcription complex in air condition. Scale bar, 200 nm. (C) The contour lengths of the shorter DNA arms were measured at every 0.5 s and plotted.
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cules by AFM requires conditions that satisfy two conﬂicting
requirements [14,15,24–28]: (i) The molecules must retain enough
mobility to allow their functional movement. (ii) At the same time,
the molecules must be stably adsorbed to the mica surface and
remain within the scanning area during imaging. Although the
necessity to bind the sample to the mica cannot be eliminated, the
requirement for sample immobilization is alleviated in fast-scan-
ningAFMexperimentswhere an entire image can be captured about
1000 times faster than a conventional instrument. The method
described here could be extended to examining the effect of regula-
tory proteins and different r-factors on the interactions of RNAP–
DNA with unprecedented spatial and temporal resolution. Further-
more, this method could be applied to the study of DNA targeting
enzymes, such as helicase, recombinase, and DNA polymerase.
4. Conclusion
This study demonstrated the ability of fast-scanning AFM to
investigate E. coli RNAP–DNA interaction in solution. Under nucle-
otide free condition, the RNAP showed dissociation from and reas-
sociation to the same DNAmolecule. Increased time resolution also
allowed us to capture intersegmental transfer of the RNAP by
swapping the site between two different DNAs. These ﬁndings sug-
gest that RNAP uses hopping and intersegmental transfer to accel-
erate its promoter ﬁnding, in addition to the sliding along the
template DNA. Minimal sample-surface interactions during fast-
AFM imaging allowed us to monitor the dynamics of transcription
elongation at the rates of 15 nuceotides/s at near physiological
conditions. Our successful applications of fast-scanning AFM have
opened a new phase in the study of protein–DNA interactions.Acknowledgements
This work was supported by a Human Frontier Science Program
(K.T.) and by the grants from the Japan Ministry of Education, Cul-
ture, Sports, Science and Technology (Grant-in-Aid for Scientiﬁc
Research on Innovative Areas to K.T. and on Priority Areas to
S.H.Y). Y.S. and M.S. were recipients of the JSPS (Japan Society for
the Promotion of Science) research fellow. The authors also would
like to thank members of Cooperate R&D Center of OLYMPUS for
technical assistance.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2012.
06.033.
References
[1] Richter, P.H. and Eigen, M. (1974) Diffusion controlled reaction rates in
spheroidal geometry. Application to repressor–operator association and
membrane bound enzymes. Biophys. Chem. 2, 255–263.
[2] Riggs, A.D., Bourgeois, S. and Cohn, M. (1970) The lac repressor-operator
interaction. 3. Kinetic studies. J. Mol. Biol. 53, 401–417.
[3] Berg, O.G., Winter, R.B. and von Hippel, P.H. (1981) Diffusion-driven
mechanisms of protein translocation on nucleic acids. 1. Models and theory.
Biochemistry 20, 6929–6948.
[4] von Hippel, P.H. and Berg, O.G. (1989) Facilitated target location in biological
systems. J. Biol. Chem. 264, 675–678.
[5] Halford, S.E. (2009) An end to 40 years of mistakes in DNA–protein association
kinetics? Biochem. Soc. Trans. 37, 343–348.
[6] Gilmore, J.L., Suzuki, Y., Tamulaitis, G., Siksnys, V., Takeyasu, K. and
Lyubchenko, Y.L. (2009) Single-molecule dynamics of the DNA–EcoRII
protein complexes revealed with high-speed atomic force microscopy.
Biochemistry 48, 10492–10498.
3192 Y. Suzuki et al. / FEBS Letters 586 (2012) 3187–3192[7] Yokokawa, M., Yoshimura, S.H., Naito, Y., Ando, T., Yagi, A., Sakai, N. and
Takeyasu, K. (2006) Fast-scanning atomic force microscopy reveals the
molecular mechanism of DNA cleavage by ApaI endonuclease. IEE Proc.
Nanobiotechnol. 153, 60–66.
[8] Craig, M.L., Tsodikov, O.V., McQuade, K.L., Schlax Jr., P.E., Capp, M.W., Saecker,
R.M. and Record Jr., M.T. (1998) DNA footprints of the two kinetically
signiﬁcant intermediates in formation of an RNA polymerase–promoter open
complex: evidence that interactions with start site and downstream DNA
induce sequential conformational changes in polymerase and DNA. J. Mol. Biol.
283, 741–756.
[9] Suh, W.C., Ross, W. and Record Jr., M.T. (1993) Two open complexes and a
requirement for Mg2+ to open the lambda PR transcription start site. Science
259, 358–361.
[10] von Hippel, P.H., Bear, D.G., Morgan, W.D. and McSwiggen, J.A. (1984) Protein–
nucleic acid interactions in transcription: a molecular analysis. Annu. Rev.
Biochem. 53, 389–446.
[11] Yin, H., Wang, M.D., Svoboda, K., Landick, R., Block, S.M. and Gelles, J. (1995)
Transcription against an applied force. Science 270, 1653–1657.
[12] Harada, Y., Funatsu, T., Murakami, K., Nonoyama, Y., Ishihama, A. and
Yanagida, T. (1999) Single-molecule imaging of RNA polymerase–DNA
interactions in real time. Biophys. J. 76, 709–715.
[13] Kabata, H., Kurosawa, O., Arai, I., Washizu, M., Margarson, S.A., Glass, R.E. and
Shimamoto, N. (1993) Visualization of single molecules of RNA polymerase
sliding along DNA. Science 262, 1561–1563.
[14] Guthold, M. et al. (1999) Direct observation of one-dimensional diffusion and
transcription by Escherichia coli RNA polymerase. Biophys. J. 77, 2284–2294.
[15] Kasas, S. et al. (1997) Escherichia coli RNA polymerase activity observed using
atomic force microscopy. Biochemistry 36, 461–468.
[16] Choy, H.E. and Adhya, S. (1993) RNA polymerase idling and clearance in gal
promoters: use of supercoiled minicircle DNA template made in vivo. Proc.
Natl. Acad. Sci. U S A 90, 472–476.
[17] Ando, T., Kodera, N., Takai, E., Maruyama, D., Saito, K. and Toda, A. (2001) A
high-speed atomic force microscope for studying biological macromolecules.
Proc. Natl. Acad. Sci. U S A 98, 12468–12472.
[18] Crampton, N., Yokokawa, M., Dryden, D.T., Edwardson, J.M., Rao, D.N.,
Takeyasu, K., Yoshimura, S.H. and Henderson, R.M. (2007) Fast-scan atomicforce microscopy reveals that the type III restriction enzyme EcoP15I is
capable of DNA translocation and looping. Proc. Natl. Acad. Sci. U S A 104,
12755–12760.
[19] Yokokawa, M., Wada, C., Ando, T., Sakai, N., Yagi, A., Yoshimura, S.H. and
Takeyasu, K. (2006) Fast-scanning atomic force microscopy reveals the ATP/
ADP-dependent conformational changes of GroEL. EMBO J. 25, 4567–4576.
[20] Yokokawa, M. and Takeyasu, K. (2011) Motion of the Ca2+-pump captured.
FEBS J. 278, 3025–3031.
[21] Rivetti, C., Guthold, M. and Bustamante, C. (1999) Wrapping of DNA
around the E. coli RNA polymerase open promoter complex. EMBO J. 18,
4464–4475.
[22] Rivetti, C., Codeluppi, S., Dieci, G. and Bustamante, C. (2003) Visualizing RNA
extrusion and DNA wrapping in transcription elongation complexes of
bacterial and eukaryotic RNA polymerases. J. Mol. Biol. 326, 1413–1426.
[23] Givaty, O. and Levy, Y. (2009) Protein sliding along DNA: dynamics and
structural characterization. J. Mol. Biol. 385, 1087–1097.
[24] Abdelhady, H.G., Allen, S., Davies, M.C., Roberts, C.J., Tendler, S.J. and Williams,
P.M. (2003) Direct real-time molecular scale visualisation of the degradation
of condensed DNA complexes exposed to DNase I. Nucleic Acids Res. 31, 4001–
4005.
[25] Guthold, M., Bezanilla, M., Erie, D.A., Jenkins, B., Hansma, H.G. and Bustamante,
C. (1994) Following the assembly of RNA polymerase–DNA complexes in
aqueous solutions with the scanning force microscope. Proc. Natl. Acad. Sci. U
S A 91, 12927–12931.
[26] Suzuki, Y., Higuchi, Y., Hizume, K., Yokokawa, M., Yoshimura, S.H., Yoshikawa,
K. and Takeyasu, K. (2010) Molecular dynamics of DNA and nucleosomes in
solution studied by fast-scanning atomic force microscopy. Ultramicroscopy
110, 682–688.
[27] Suzuki, Y., Yokokawa, M., Yoshimura, S.H. and Takeyasu, K. (2011) Biological
Application of Fast-Scanning Atomic Force Microscopy in: Scanning probe
Microscopy in Nanoscience and Nanotechnology 2 (Bhushan, B., Ed.), pp. 217–
246, Springer-Verlag, Berlin, Heidelberg.
[28] van Noort, S.J., van der Werf, K.O., Eker, A.P., Wyman, C., de Grooth, B.G., van
Hulst, N.F. and Greve, J. (1998) Direct visualization of dynamic protein–DNA
interactions with a dedicated atomic force microscope. Biophys. J. 74, 2840–
2849.
